Flavors and fragrances are the result of the presence of volatile and non-volatile compounds, appreciated mostly by the sense of smell once they usually have pleasant odors. They are used in perfumes and perfumed products, as well as for the flavoring of foods and beverages. In fact the ability of the microorganisms to produce flavors and fragrances has been described for a long time, but the relationship between the flavor formation and the microbial growth was only recently established. After that, efforts have been put in the analysis and optimization of food fermentations that led to the investigation of microorganisms and their capacity to produce flavors and fragrances, either by de novo synthesis or biotransformation. In this review, we aim to resume the recent achievements in the production of the most relevant flavors by bioconversion/biotransformation or de novo synthesis, its market value, prominent strains used, and their production rates/maximum concentrations.
Introduction
Flavors and fragrances have a wide application in the food, feed, cosmetic, chemical, and pharmaceutical sectors (Vandamme 2003) . Nowadays, they represent over a quarter of the world market for food additives and most of them are provided by extraction from natural sources or by traditional methods, as chemical synthesis. The specialized magazine Perfumer & Flavorist has recently reported that the expected market for flavors and fragrances will reach US$ 45.6 billion in 2018 (Bhttp://www.perfumerflavorist.com/fragrance/ trends/Report-Global-Fragrances-Perfumes-Market-ToReach- 456B-by-2018-197588241.html,^n.d.) with a good growth rate over the next 5 years.
The most common processes to produce flavor compounds are the extraction from natural sources and the chemical synthesis. Nevertheless, extraction from plants has many disadvantages such as low concentration of the product of interest, seasonal variation, risk of plant diseases, stability of the compound, and trade restrictions. In fact, chemical synthesis still represents the cheaper technology for their production; however, it may require harsh conditions (toxic catalysts, high pressure and temperature, among others) and usually lack adequate regio-and enantio-selectivity to the substrate, resulting in a mixture of products. Additionally, the compounds generated are labelled as Bartificial^or Bnature identical^, decreasing their economic value (Longo and Sanromán 2006; Vandamme 2003 ). An increasing in the interest on the biotechnological production and use of flavor compounds of (micro) biological origin is observed, since the products obtained may be labeled as Bnatural^ (Vandamme 2003; Vandamme and Soetaert 2002) . In the USA and according to European regulations (e.g., CFR 1990 and EEC 1334 , compounds isolated from natural resources or obtained by microbial or enzymatic processes involving precursors isolated from nature are classified as Bnatural^ (European Commission 2008; FDA 2013) . Even though the low yields obtained in most of the reported biotechnological processes for flavor production, in some cases they are economically feasible. Some examples of commercial Bnatural^flavors biotechnologically produced are ethyl butanoate, 2-heptanone, β-ionone, nootkatone, 1-octen-3-ol, 4-undecalactone, and vanillin (Berger 2009; Caputi and Aprea 2011) . One of the main motivations for the microbial production of flavor compounds is its market price, which is normally far above their synthetic counterparts, but usually lower than those extracted from nature. For example: synthetic vanillin has a price of around US$ 11 kg −1 , natural vanilla flavor extracted from fermented pods of Vanilla orchids costs US$ 1200-4000 kg −1 , while Bbiotech vanillin^is sold for a price of around US$ 1000 kg −1 (Schrader et al. 2004; Xu et al. 2007 ). Equivalent data are also observed for other aroma compounds, such as γ-decalactone (synthetic = US$ 150 kg −1 ; natural = US$ 6000 kg −1 ; Bbiotech^= US$ 300 kg −1 ) and ethyl butyrate (synthetic = US$ 4 kg −1 ; natural = US$ 5000 kg −1 ; Bbiotech^= US$ 180 kg −1 ) (Dubal et al. 2008) . Flavor compounds can be biotechnologically produced in two basic ways: through de novo synthesis or by biotransformation. De novo synthesis refers to the production Bfrom the new^, i.e., the synthesis of substances from simple building block molecules (sugars, amino acids, nitrogen salts, minerals, among others), which will be metabolized by organisms to form a different and complex structure. Biotransformations, in turn, are single reactions catalyzed enzymatically (as pure enzymes or within microbial cells). Therefore, the substrate is metabolized by the organism (usually a breakdown or an oxidation/reduction p r o c e s s ) i n a s i n g l e ( b i o c o n v e r s i o n ) o r a f e w (biotransformation) reactions to produce a structurally similar molecule (Bicas et al. 2015) . The production of aroma compounds by de novo synthesis usually generates a mixture of products, whose maximal concentrations are normally below 100 mg L −1 (Bicas et al. 2015) . Therefore, biotransformations have higher potential for the production of Bbioflavors^on a commercial scale (Bicas et al. 2015) .
Biotechnological Production of Flavors
Considering the disadvantages of chemical production, regarding the quality of the product, health and environmental issues and the inability of natural production at industrial scale, the need to address an alternative way for flavor production through low-cost and environmentally friendly processes became crucial. Consumer perception that everything natural is better is causing an increase demand for natural flavor additives and biotechnological routes may be, if they exclude any chemical steps, a way to get natural products (Longo and Sanromán 2006) . De novo synthesis should be therefore used for complex targets or product mixtures, whereas bioconversions/biotransformations are able to carry out single-step processes. In general, microorganisms are able to produce a wide range of flavor compounds by de novo synthesis. However, the production levels are very poor, and thus constitute a limit for industrial exploitation. Table 1 presents some of the most relevant flavour and fragrance compounds that can be produced through microbial biotransformation or by de novo synthesis.
Bioconversion/Biotransformation
Bioconversions/biotransformations can be cheaper, greener, and more direct than their chemical analogues. Since the first discoveries of microbial production of blue cheese-note compounds in 1950 (Patton 1950) , several bioflavor synthetic paths have been unveiled and exploited throughout the decades. In the next topic, microbial production of today's key flavor compounds in food, beverage, and cosmetic industry will be addressed.
Phenolic Aldehydes
The most important flavors and fragrances from the class of phenolic aldehydes are anisaldehyde and some derivatives of protocatechu aldehyde (3,4-dihydroxybenzaldehyde), such as vanillin, veratraldehyde, and heliotropin. In fact, vanillin is one of the most popular flavors in the world. Vanillin is the primary component of the extract of the vanilla bean. These flavors can be extracted from the beans of Vanilla species such as Vanilla planifolia and Vanilla tahitensis (Gallage et al. 2014) ; however, total world consumption of vanilla beans has been affected due to its very high price (US$ 20 per kg in 2010 and US$ 500 in 2016) (Berger 2007; Eurovanille 2017) . In 2017, the record price of vanilla beans was due to a cyclone that hit Madagascar (world's main producer of approximately US$ 100 million) and consequently destroyed the plant cultures. This compound is not only widely used as flavor enhancer in sweet foods such as ice creams, cookies, or cakes, but also in soft beverages, cosmetics, or as precursor for pharmaceutical preparations, and as food preservative. Also, synthetic vanillin is used in the production of deodorants, air fresheners, cleaning products, antifoaming agents, or herbicides (Ramachandra Rao and Ravishankar 2000; Sinha et al. 2008; Walton et al. 2003) .
Over the years, most of the studies extensively addressed the biotransformation of lignin, aromatic amino acids, phenolic stilbenes, ferulic acid (FA), vanillic acid, isoeugenol, or curcumin for the vanillin production, in a concentration range of 0.13 to 32.5 g L −1 (Huang et al. 1993; Kaur and Chakraborty 2013; Priefert et al. 2001; Zhao et al. 2005) . In 2010, Tilay et al. (2010) investigated the effects of media composition and environmental factors such as pH on vanillin production from FA by one-step biotransformation using fungus Pycnoporous cinnabarinus. Furuya et al. (2017) demonstrated that a coenzyme-independent cascade consisting of the ferulic acid decarboxylase (Fdc) and coenzymeindependent oxygenase (Cso2) could be applied in an This is an innovative study since production through immobilized enzymes had never been previously performed in this process (Furuya et al. 2017) . Moreover, Furuya's research group had previously studied vanillin production from FA via 4-vinylguaiacol in a new two-pot reaction bioprocess on a flask scale (Furuya et al. 2015) . was achieved, which is the highest known level using recombinant cells of E. coli (Furuya et al. 2015) . Bioconversion of isoeugenol into vanillin was fairly studied by Ashengroph et al. (2012) in the recent years. Firstly, in 2011, this bioconversion was studied using Psychrobacter sp. CSW4 strain. A maximum vanillin titer of 1.28 g L −1 was achieved from an initial isoeugenol concentration of 10 g L −1
, after a 48 h reaction under a resting cell system. However, the best molar yield (16.4%) was achieved after an 18-h reaction when an initial substrate concentration of 1 g L −1 was used (Ashengroph et al. 2012 ). This was the first evidence of isoeugenol bioconversion into vanillin by the genus Psychrobacter. A couple years later, these results were optimized with the implementation of Taguchi design and response surface methodology (Ashengroph et al. 2013) , allowing to obtain a vanillin titer of 2.19 g L −1 after 24 h, from an initial isoeugenol concentration of 6.5 g L −1
. A few years later, Ashengroph and Amini (2017) converted isoeugenol into vanillin under a resting cell system. Trichosporon asahii MP24 cells converted 5 g L −1 of isoeugenol to a final vanillin titer of 2.4 g L −1 after 32 h; however, vanillin reconsumption was observed for this microbial species.
Terpenes
Terpenoids or isoprenoids, are the most diversified class of natural compounds synthesized from plants, animals, or microorganisms, reaching a panoply of 40,000 different compounds (Rohdich et al. 2005; Withers and Keasling 2007) . One of the most studied precursors in biotechnological monoterpenoid production is limonene, since it can be derivatized to a variety of value-added compounds, such as carvone, carveol, perillyl alcohol (POH), terpineols, menthol, and pinenes (Duetz et al. 2003; Maróstica and Pastore 2007) . Limonene can be produced by one key enzyme, limonene synthase (LS), by catalysis of intramolecular cyclization of geranyl pyrophosphate (GPP) (Behrendorff et al. 2013; Jongedijk et al. 2015) . Usually it is used as fragrance ingredient in cleaning products and perfumes or in citrus-flavored products such as candies and drinks (Duetz et al. 2003) . It has a pleasant orange or citrus-like odor and is currently produced as a side product from the citrus juice industry (citrus oil can contain 70-98% D-limonene), reaching 60,000 tons per year (Ciriminna et al. 2014 ). However, a few years ago, citrus oil availability has been affected in Brazil by a bacterial disease, resulting in a decreased yield and increasing prices (Hodges and Spreen 2015) . Currently, limonene is sold at US$ 9-10 per kilogram, while one decade ago manufacturers were paying as low as US$ 0.4 per kilogram (Ciriminna et al. 2014; Lange 2015) . Therefore, there has been constant fluctuation in availability and quality in plant-based and chemical production, thus it is important to find biotechnological alternatives (Jongedijk et al. 2016 ). In 2014, Willrodt et al. (2014) achieved the highest ever reported L-limonene titer of 1.35 g L −1 by a recombinant microbial biocatalyst (E. coli BL21). Biotransformation was carried out in a 3.1-L stirred tank reactor (STR) in a two-liquid phase fed-batch setup. This recombinant strain possessed two functional plant genes: expression vector pBAD:LS and pET24:AGPPS2 which were equipped with the truncated and codon-optimized genes for LS and GPP synthase 2 (AGPPS2) (Willrodt et al. 2014) . The limonene biosynthetic pathway in the yeast Yarrowia lipolytica was first reported by Cao et al. (2016) by heterologous expression of codonoptimized neryl diphosphate synthase 1 (NDPS1) and LS. DLimonene titer of 23.56 mg L −1 was the highest ever reported in yeasts, thus proving this species to be a solid platform for overproduction of limonene derivates or even other terpenoids.
Alcohols
Alcohols are produced by the normal metabolism of the microorganisms as a result of amino acid catabolism. These compounds, such as 2-butanol, 1,2-butanodiol, and 2-phenylethanol (2-PE), possess unique organoleptic properties and are important flavor compounds in the food industry. One of the most relevant flavor-alcohols is the 2-PE, an aromatic alcohol with a delicate fragrance of rose petals (Burdock 2010) widely applied in diverse types of products, such as perfumes, cosmetics, pharmaceuticals, foods, and beverages (Carlquist et al. 2015) . Furthermore, 2-PE can be used as raw material to produce other important flavor compounds, such as 2-phenylethylacetate (a high-value aromatic ester (Etschmann et al. 2002 ) and a potential fuel molecule (Kang et al. 2014) , phenylacetaldehyde (flavor compound), and phydroxphenylethanol (used in pharmaceutical and fine chemical industries) . The economic importance of 2-PE is quite significant; in 1990 it was reported that the 2-PE global market was estimated at 7000 tones, with 6000 tons used for fragrances, 10 tons for flavor applications, and 990 tons for synthesis of reaction products like esters (Etschmann et al. 2002) . With the current available information, the global production of 2-PE is estimated at 10,000 tons per year and is dominated by chemical synthesis (Angelov and Gotcheva 2012; Hua and Xu 2011) . In fact, microorganisms are able to produce 2-PE and other alcohols by normal metabolism as the result of amino acid catabolism, but the final concentration of the alcohol is very low (Carlquist et al. 2015) . The biotechnological approach used to obtain natural 2-PE by bioconversion of L-phenylalanine (L-Phe), as the sole nitrogen source, via the Ehrlich pathway is the best and simple way to enhance the alcohol production (ÄYräpää 1965; Etschmann et al. 2002) . Through the Ehrlich pathway, L-Phe is firstly converted to phenylpyruvate by transamination, which is then transformed to phenylacetaldehyde by decarboxylation; then, the derivative aldehyde is reduced to 2-PE by dehydrogenation (Carlquist et al. 2015; Etschmann et al. 2002) . Celinska et al. (2013) reported the ability of Y. lipolytica NCYC 3825 strain to produce 2-PE from L-Phe bioconversion achieving an aroma production of 1.98 g L −1
. Since yeasts are good candidates for 2-PE production from L-Phe bioconversion, considerable progresses have been achieved by applying different metabolic engineering strategies of related pathways Kang et al. 2014; Wang et al. 2017 ). In yeasts, several genes are involved in the catabolism of L-Phe to 2-PE via Ehrlich pathway. Aro8p and Aro9p encoded by ARO8 and ARO9 were both characterized as aminotransferases that catalyze the transamination from LPhe to phenylpyruvate and the decarboxylation reaction was described with five genes (ARO10, THI3, PDC1, PDC5, and PDC6) encoding thiamine diphosphate-dependent decarboxylases (KDC) (Hazelwood et al. 2008) . Kim et al. (2014a) reported the first metabolic engineering approach for 2-PE production in S. cerevisiae, overexpressing ARO9, ARO10 e ARO80 genes. This study allowed genetic engineered strains to produce 0.45 g L −1 of 2-PE after 96 h.
The deletion of ALD3 gene encoding for cytosolic aldehyde dehydrogenase that catalyzes phenylacetaldehyde oxidation to phenylacetate, was also tested. Being phenylacetate a competitor to 2-PE formation, the deletion of this gene increased the 2-PE production to 4.8 g L −1 (Kim et al. 2014a ). These studies demonstrated the improvement of 2-PE production by overexpression of key enzymes in the Ehrlich pathway, providing new perspectives to enhance Bnatural^2-PE production. Using an engineered E. coli strain, Guo et al. (2017) achieved a 2-PE production of 0.28 g L −1
.
Lactones
Lactones are cyclic esters derived from lactic acid and they are constituents of a wide variety of essential oils and plant volatiles (Longo and Sanromán 2006; Waché et al. 2002) . They are well-known for their great variety of taste and aroma (peach, pineapple, apricot, raspberry, strawberry, mango, papaya, cream, coconut, and nutt-like), reaching a production of hundreds of tons per year (Huang and Schwab 2011) . The most important lactones are five-and six-membered rings, γ-and δ-lactones, respectively, with equal or less 12 carbons. It includes compounds such as 4-dodecanolide (coconut-fruity like) (Cheetham 2007; Gocho et al. 1995) , 4-decanolide/γ-decalactone (peach-like) (Schrader et al. 2004 ), 4-octanolide (sweet hearbaceous coconut-like) (Cardillo et al. 1990 ), 5-dodecanolide (fruit-oily peach-like) (Gocho et al. 1998) , 5-decanolide/δ-decalactone (creamy-coconut peach-like) (Surburg et al. 2006) , and 6-pentyl-α-pyrone (6PP, strong coconut-like) (Collins and Halim 1972) . Currently, lactone production is mainly achieved by chemical synthesis from keto acids; however, biotechnological production of γ-decalactones (GDL) and δ-decalactones (DDL) is growing due to their natural/GRAS label reaching values between US$ 1400 per kg and US$ 6000 per kg (Hui 2006) . In the decade of 1980, natural GDL was a rare flavor with a price exceeding US$ 10,000 per kilogram; however, with its increasing biotechnological production over the years, prices dropped to US$ 300 per kilogram (Schrader et al. 2004) . GDL is commonly used in cosmetic and perfume industry and can be obtained through β-oxidation of long-chain hydroxy fatty acids recurring to yeast cells (Barth 2013) . Nowadays, Yarrowia lipolytica, a non-conventional oleaginous GRAS yeast, is gaining progressive relevance since it is capable of performing biotransformation of ricinoleic acid (RA) into GDL, using as RA sources, methyl ricinoleate (MR), or castor oil (CO). Y. lipolytica possesses a family of six acyl-CoA oxidases (Aox), encoded by POX1-6 gene family which plays an important role in β-oxidation of fatty acids (Pagot et al. 1997 (Pagot et al. , 1998 Waché et al. 2001 ). This four-step process consists basically in two oxidation steps, one hydration and one cleavage reaction, which are catalysed by three enzymes. At each cycle, the compound gives rise to a two-carbon shorter metabolite and an acetyl (Nelson and Cox 2008) . For years, Nicaud's research group has studied Aox family role and revealed Aox2 to be longchain specific (C18 to C10), while Aox3 is short-chain specific (C10 to C4) (Groguenin et al. 2004; Pagot et al. 1998; Waché et al. 2002; Waché et al. 2001) , both with strong activity (Guo et al. 2012a, b; Pagot et al. 1998 ). Moreover, a few studies used modified strains of Y. lipolytica W29 (POX2 overexpressed and POX3-5 disrupted) and were able to produce more lactone without degrading it (Groguenin et al. 2004; Guo et al. 2012b ).
In the last few years, Belo's research group has been extensively studying MR and CO biotransformation into GDL by Y. lipolytica by optimizing conditions in small flask cultures (Braga et al. 2012 , in stirred-tank Braga et al. 2015b; Braga and Belo 2015; Gomes et al. 2012 ) and airlift Braga et al. 2015b) bioreactors. When these substrates were used, the RA rate release to the medium plays an important role in GDL production rate. Braga et al. (2012 pointed out the importance of extracellular lipases, namely the extracellular lipase produced by Y. lipolytica W29 and commercial lipases (Lipozyme TL IM), for the fast release of ricinoleic acid from castor oil and consequently faster formation of γ-decalactone. Nevertheless, this process is not the most adequate in an industrial point of view and the overexpression of Lip2 would bring the gap of this problem. Braga et al. (2015a) studied γ-decalactone production by the Y. lipolytica JMY3010 that has an additional copy of Lip2 coding for the main extracellular lipase. Their results showed that the overexpression of Lip2 increased the γ-decalactone production rate.
Belo's research group studied GDL and 3-hydroxy-γ-decalactone (3-OH-GDL) production from MR ) and CO by Y. lipolytica W29 in STR bioreactor. The highest GDL and 3-OH-GDL titers, 6.7 g L −1 and 10 g L −1 , were obtained in step-wise fed-batch strategy, using MR as substrate. Furthermore, similar productivities were observed when compared to batch ex-
), showing that both strategies are good alternatives for industrial processes. Additionally, Braga et al. (2015b) and Escamilla-García et al. (2014) studied lactone production, from CO and MR, respectively, by Y. lipolytica W29 in airlift batch experiments. Braga et al. (2015b) observed a twofold increase in GDL production (3 g L −1 ) when compared to STR. On the other hand, Escamilla- García et al. (2014) concluded that higher aeration rates increased cell hydrophobicity and stimulated a tenfold increase in 3-OH-GDL production. In these studies, GDL reconsumption was observed due to Aox3 activity, which led to an increased 3-OH-GDL production. GDL reconsumption has been reported as an issue in older studies (Aguedo et al. 2005; Endrizzi et al. 1993; Waché et al. 2001) . Braga et al. (2015a) compared lactone production profiles by Y. lipolytica W29 and two W29 mutants, MTLY40-2P (POX3-5 disrupted and POX2 overexpressed) and JMY3010. Similar productivities were observed in batch and fed-batch; however, the highest GDL titer (7 g L −1
) was obtained by MTL40-2P in fed-batch strategy. Moreover, GDL reconsumption was avoided in mutant cultures.
The dissolved oxygen in the medium is one of the influencing factors in this type of bioprocess. It was shown that, under increased oxygen solubility, 3-OH-GDL and decenolide production in STR and airlift was favored due to higher 3-hidroxyacil-CoA dehydrogenase activity (Aguedo et al. 2005; Escamilla-García et al. 2014; Gomes et al. 2007 ). On the other hand, under low aeration rates, an increased GDL production was observed due to lower Aox and dehydrogenase activities Garcia et al. 2007; García et al. 2009 ). However, higher GDL productivities were achieved at higher aeration rates .
Recently, Rong et al. (2017b) studied RA biotransformation into GDL by S. cerevisiae MF013 in batch cultures performed in Erlenmeyer flasks. A maximum GDL concentration of 2.8 g L −1 was obtained after 60 h of biotransformation. The addition of γ-caprolactone and γ-octalactone to biotransformation medium suppressed GDL degradation as these compounds worked as competitive inhibitors for lactonase (the responsible enzyme for GDL degradation). Soares et al. (2017) compared GDL production by Y. lipolytica CCMA 0357 and Lindera saturnus CCMA 0243, using glycerol and CO as substrate. Overall, L. saturnus CCMA 0243 achieved higher GDL concentrations in glycerol biotransformation media (5.8 g L −1 of GDL in 10% crude glycerol medium), while Y. lipolytica CCMA 0357 achieved better results in CO biotransformation media (3.5 g L −1 of GDL in 10% CO medium).
Increasing product concentrations by genetic engineering improvements and process optimization may have issues such as yeast sensibility and product toxicity. prevented the toxic effect of CO and GDL, when Y. lipolytica W29 were immobilized by DupUM®. A higher GDL titer (1.6 g L −1 ) and no GDL reconsumption were observed when using immobilized cells, compared to free cell cultures. In 2015, Zhao et al. (2015) studied GDL production from CO at flask scale with implementation of an ionic liquid as co-solvent and attapulgite to immobilize Y. lipolytica cells. This approach allowed to achieve a GDL titer of 8.05 g L −1 . Later in 2017, GDL production from RA by Y. lipolytica has been improved by a porous starch delivery system (Rong et al. 2017a ). This system simultaneously acted as dispersant to control RA release and a lactone adsorbent, which significantly decreased the risk of cell damage. A resulting GDL titer of 3.36 g L −1 was achieved from 25 g L −1 of RA.
De Novo Synthesis
Flavor and fragrance production by de novo synthesis uses the whole metabolism of the microorganism to produce a combination of flavor compounds, in contrast to the biotransformation, where a specific reaction(s) produce a major compound. Whole cells catabolize carbohydrates, fats, and proteins, and further convert the breakdown products into flavor components (Engels and Visser 1994; Jeon 1994) . Nevertheless, under these conditions, only trace amounts of flavors (more complex compounds) are produced and this process is not very promising and economically viable for industrial production because of the low concentrations of produced flavors (Belin et al. 1992) . Some of the most relevant flavor compounds obtained by means of de novo synthesis will be discussed below (Table 2) .
Terpenes
Only a few works reported the terpene production by de novo synthesis. The production of citronellol, linalool, and geraniol, in the range of 50 μg L −1
, has been reported by Drawert and Barton using Kluyveromyces lactis (Drawert and Barton 1978) . The production of citronellol and geraniol by Ceratocystis moniliformis in bioreactor was also reported by Bluemke and Schrader (Bluemke and Schrader 2001) . Limoneno can be produced by the methylerythritol 4-phosphate or the mevalonate pathway in microorganisms. For its de novo production in microorganisms, the plant limonene synthase needs to be expressed (Carter et al. 2003 ). However, due to the low availability of geranyl diphosphate (GPP) in microorganisms, this strategy resulted in very low yields. The development of an economically viable process for limonene production in microorganisms could be achieved using metabolic engineering approaches to increase the availability of GPP. The highest yield of limonene, 2.7 g L −1
, was achieved with a genetically manipulated E. coli (Willrodt et al. 2014) . However, fewer reports on limonene production from yeasts are available and titers reached are still lower than the ones obtained in E. coli (from 56 μg L −1 to 4 mg L −1 ) (Behrendorff et al. 2013; Davies et al. 2014; Kiyota et al. 2014 ).
Ketones
Diacetyl (2,3-butanedione) is an important ketone flavor compound, responsible for the buttery aroma of many dairy products, and is used as an ingredient in the food industry (Zhang et al. 2015) . It is naturally produced by various microorganisms, such as lactic acid bacteria, especially L. lactis biovar. diacetylactis, from citrate in co-fermentation with lactose, and Enterobacter aerogenes (Papagianni et al. 2007; Zhao et al. 2009 ). In these bacteria, pyruvate is condensated to α-acetolactate by acetolactate synthase, and is subsequently converted to diacetyl in the presence of oxygen, through a nonenzymatic decarboxylation (Gao et al. 2014) . A Lactococcus lactis mutant with low ALDC and lactate dehydrogenase activities was able to overproduce diacetyl with a final concentration of 0.52 g L −1 (Monnet et al. 2000) . The highest yield of diacetyl synthesis has been demonstrated by Hugenholtz et al. (2000) with a yield of 0.16 mol mol −1 of glucose.
Enterobacter aerogenes mutant strain was also able to produce 1.35 g L − 1 of diacetyl with a molar yield of 0.04 mol mol −1 (Zhao et al. 2009 ). More recently, Candida glabrata CCTCC M202019 was engineered for diacetyl production and a titer of 4.7 g L −1 was achieved, with a production yield of 0.10 mol mol −1 and a productivity of 0.07 g L −1 h −1 (Gao et al. 2014) . For an industrial production Shake flask Celinska et al. (2013) K. marxianus
Shake flask Kim et al. (2014b) E. coli 0.26 g L −1
Shake flask From glucose Brochado et al. (2010) of these compounds using these strains, the process productivity and yield should be further enhanced, since the glycolysis flux to diacetyl is low.
Phenolic Aldehyde
As previously described, vanillin is one of the most important flavors from the phenolic aldehyde class and it is mostly produced by bioconversion of phenolic compounds. Nevertheless, its production by de novo biosynthesis from cheap and more available carbon sources is much more attractive. Furthermore, the problem with potential off-taste which is associated with vanillin production using, e.g., eugenol or ferulic acid was also eliminated and contrary to the phenolic compounds, glucose is nontoxic to microorganisms (Evolva, personal communication). However, there is no evidence for direct bioconversion of glucose to vanillin in any naturally occurring microorganism. Li and Frost (1998) designed a pathway in recombinant E. coli for de novo biosynthesis of vanillic acid from glucose via the shikimate pathway. Nevertheless, the titers of vanillin detected are very low and this pathway requires the medium supplementation with costly cofactors and also isolated dehydrogenase. Thereafter, de novo biosynthesis of vanillin from glucose has been explored in Schizosaccharomyces pombe and Saccharomyces cerevisiae by a similar route, but introducing an aromatic carboxylic acid reductase gene to avoid the extracellular reaction, obtaining a vanillin production of around 45 mg L −1 (Hansen et al. 2009 ). Brochado et al. (2010) expressed a glycosyltransferase in the vanillin-producing S. cerevisiae strain in order to reduce the product toxicity. Compared with the previous work by Hansen and co-workers, the vanillin production increases in approximately fivefold (500 mg L
−1
). More recently, Kunjapur et al. (2014) used an E. coli with reduced aromatic aldehyde reduction as a host for the biosynthesis of vanillin, and 119 mg L −1 vanillin can be produced from glucose. Ni et al. (2015) mimicking and assembling the natural pathway for vanillin production in plants in E. coli to synthesize vanillin from glucose and other substrates (L-tyrosine, xylose, and glycerol). The metabolically engineered strain produced 97.2 mg L −1 vanillin from l-tyrosine, 19.3 mg L −1 from glucose, 13.3 mg L −1 from xylose, and 24.7 mg L −1 from glycerol. Nevertheless, the bioproduction of vanillin by de novo synthesis still has several challenges.
Alcohols
As previously described, 2-PE could be produced by bioconversion of L-Phe, as the sole nitrogen source, via the Ehrlich pathway, being this route the best and simple way to enhance the flavor production (ÄYräpää 1965; Etschmann et al. 2002) . Nevertheless, the Ehrlich pathway uses L-Phe as a substrate to reach the maximum 2-PE concentration and substrates cheaper than L-Phe should be considered to achieve an economic production process (Kim et al. 2014a, b; Zhang et al. 2014) . Through the shikimate pathway, 2-PE is obtained by de novo synthesis from carbohydrate precursors (Albertazzi et al. 1994; Carlquist et al. 2015; Etschmann et al. 2002) . Nonetheless, de novo synthesis is inefficient and not economically viable, since glycolysis and the pentose-phosphate pathway are mainly used for cell growth, producing very low 2-PE concentrations (Carlquist et al. 2015; Etschmann et al. 2002) . Celinska et al. (2013) compared the ability of different Y. lipolytica strains for 2-PE production from glucose, achieving concentrations of 0.2 g L −1
. Recently, different strains were genetically engineered for overproduction of 2-PE from monosaccharide as a carbon source (Kang et al. 2014; Kim et al. 2014a, b; Zhang et al. 2014) . Kim et al. (2014b) overexpressed the ARO10 (codifies KDC) and ADH2 (codifies ADH-alcohol dehydrogenase) genes of S. cerevisiae in K. marxianus BY25569. This genetically modified strain was able to produce 1.3 g L −1 of 2-PE from glucose without addition of L-Phe. Microbial production of 2-PE in engineered E. coli and Enterobacter sp. was also reported. Zhang et al. (2014) isolated and identified a new E. sp. CGMCC 5087 strain, which is able to produce 2-PE by de novo synthesis. The engineered strain produces 0.33 g L −1 of 2-PE in 12 h. Kang et al. (2014) constructed a heterologous pathway to produce 2-PE directly from glucose in E. coli which allowed a 2-PE concentration of 0.26 g L −1
Conclusions
A wide range of microbial strains are able to synthetize potentially valuable flavor and fragrance compounds and the examples presented here exemplify the power of microorganisms for its production. Despite the efforts that have been made, until now the yields of the products are too low to make the biotechnological process competitive and further studies are necessary to overcome the limitations found to date. The combination of optimization efforts on fermentation technologies and downstream processes represents a necessary step towards an economically feasible production of flavor and fragrance compounds.
